UHRF1 plays multiple roles in regulating DNMT1-mediated DNA methylation maintenance during DNA replication. The UHRF1 C-terminal RING finger functions as an ubiquitin E3 ligase to establish histone H3 ubiquitination at Lys18 and/or Lys23, which is subsequently recognized by DNMT1 to promote its localization onto replication foci. Here, we present the crystal structure of DNMT1 RFTS domain in complex with ubiquitin and highlight a unique ubiquitin binding mode for the RFTS domain. We provide evidence that UHRF1 N-terminal ubiquitin-like domain (UBL) also binds directly to DNMT1. Despite sharing a high degree of structural similarity, UHRF1 UBL and ubiquitin bind to DNMT1 in a very distinct fashion and exert different impacts on DNMT1 enzymatic activity. We further show that the UHRF1 UBL-mediated interaction between UHRF1 and DNMT1, and the binding of DNMT1 to ubiquitinated histone H3 that is catalyzed by UHRF1 RING domain are critical for the proper subnuclear localization of DNMT1 and maintenance of DNA methylation. Collectively, our study adds another layer of complexity to the regulatory mechanism of DNMT1 activation by UHRF1 and supports that individual domains of UHRF1 participate and act in concert to maintain DNA methylation patterns.
INTRODUCTION
DNA methylation mainly occurs at the fifth position of cytosine of CpG dinucleotides and is crucial for mammalian development (1) . DNA methylation has been demonstrated to be a key regulatory mechanism for genomic imprinting, heterochromatin formation, X chromosome inactivation and transcriptional repression. Aberrant DNA methylation has been observed in various cancer cell types and neurological disorders (2) (3) (4) . DNMT3A and DNMT3B together with a non-catalytic paralog DNMT3L establish de novo DNA methylation, whereas the maintenance DNA methyltransferase DNMT1 is responsible for propagating DNA methylation during DNA replication. Although DNA methylation has been under extensive study over the past several decades, recent advances have dramatically improved our understanding of the underlying mechanisms. For example, both DNMT1 and DNMT3A have been shown to have the auto-inhibitory effect and require other regulatory proteins to stimulate the enzymatic activities (5-8). 5-methyl cytosine can be subsequently converted to 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC) with Tet family enzymes (9) .
Accumulating evidence has suggested that DNMT1 alone cannot maintain global DNA methylation through somatic cell divisions. Indeed, even though DNMT1 contains a PCNA-interacting peptide (PIP) box that binds replication fork associating proteins PCNA, it has been demonstrated that the interaction of DNMT1 with proliferating cell nuclear antigen (PCNA) is not sufficient for the faithful inheritance of DNA methylation during replication (10) . Recently, structure-based analyses suggested that DNMT1 is a self-inhibitory enzyme (5, 6, 11) , which required additional regulatory factors to maintain the global DNA methylation patterns. UHRF1 has emerged as one of such critical regulators. Numerous studies have demonstrated that UHRF1 plays multiple roles in maintaining DNA methylation patterns during cell division. Its SRA domain specifically recognizes hemimethylated DNA (12) (13) (14) (15) (16) (17) , which helps recruit DNMT1 to its targeted substrate sites. UHRF1 PHD finger and tandem Tudor domain binds favorably to histone H3R2 and H3K9me3 marks (18) (19) (20) , which is important for targeting DNMT1/UHRF1 complex to the proper genomic loci, mainly at replicating heterochromatin regions (21) . UHRF1 C-terminal RING domain functions as an E3 ubiquitin ligase to target histone H3 (22) (23) (24) , DNMT1 binds subsequently to ubiquitinated H3 via its RFTS (replication foci targeting sequence) domain, which helps recruit DNMT1 to DNA replication sites (22) . Interestingly, RFTS domain not only helps target DNMT1 to replication loci, but also exerts an autoinhibitory effect on DNMT1 enzymatic activity (5) . On the other hand, auto-inhibition of DNMT1 is relieved during DNA replication, but it remains elusive if the interaction of DNMT1 RFTS domain with ubiquitinated histone H3 has an impact on DNMT1 enzymatic activity. Although a number of studies have demonstrated UHRF1 physically associates with DNMT1 (12, 13, 25) , the detailed molecular mechanism and biological relevance of this interaction remains unclear. A recent study has shown that DNMT1 RFTS domain binds to UHRF1 SRA domain (26) , if it exists, this interaction is likely dynamic and transient as suggested previously (16) . Interestingly, UHRF1 contains a N-terminal ubiquitin-like domain (UBL) but its biological function remains unknown to date.
In this study, we first verified that human DNMT1 RFTS domain directly binds to ubiquitin. We then presented the crystal structure of DNMT1 RFTS domain in complex with ubiquitin. Furthermore, we presented evidence that UHRF1 N-terminal UBL domain directly interacts with DNMT1 by nuclear magnetic resonance (NMR) titration and isothermal titration calorimetry (ITC) measurement. Interestingly we found that ubiquitin and UHRF1 UBL bind DNMT1 differently although UBL domain structurally resembles ubiquitin. Results from in vitro DNA methylation assay indicate that binding to UHRF1 UBL domain but not ubiquitin could stimulate DNMT1 enzymatic activity toward hemimethylated DNA substrate. On the other hand, binding to ubiquitinated histone H3 but not ubiquitin or histone H3 alone could alleviate DNMT1 selfinhibitory effect. At last, our cell-based data showed that introducing DNMT1 wild-type, but not the DNMT1 mutants with impaired ubiquitin binding, into DNMT1 knockout mouse embryonic stem (ES) cells can effectively restore the global DNA methylation pattern. We also showed that expression of UBL deleted or RING finger deleted UHRF1 mutant cannot restore the proper DNMT1 nuclear localization and thus cannot rescue DNA methylation defects in UHRF1 knockout mouse ES cells. Overall, our study demonstrates that the interaction between UHRF1 and DNMT1 mediated by UBL domain, as well as the interaction between DNMT1 and ubiquitinated histone H3 established by UHRF1 are required for faithful propagation of DNA methylation during DNA replication.
MATERIALS AND METHODS

Plasmid construction, protein expression and purification
Various human DNMT1 and UHRF1 fragments including DNMT1 351 (aa: 351-1616), DNMT1 621 (aa: 621-1616), RFTS domain (aa: 351-600), UHRF1 UBL domain (aa: 1-76), SRA domain (aa: 414-617), RING domain (aa: 672-793), histone H3 and H3K18CK23C (aa:1-30 with an additional tyrosine at the C-terminus), ubiquitin and its G76C mutant were cloned into either pET28a, pGEX-6P-1, a modified pRSFDuet-1 with a cleavable 6 × His-SUMO tag or pCold-GST plasmids (27) . Fusion proteins were expressed in Escherichia coli strain Rosetta DE3 (Novagen) and purified via either nickel-NTA affinity column or GSTrap HP column, followed by size-exclusion chromatography. DNMT1 mutants, ubiquitin G76C mutant and UHRF1 domain deletion mutants were generated using QuikChange site-directed mutagenesis kit (Stratagene). The presence of appropriate mutations was confirmed by DNA sequencing. All mutants were purified as described for the wild-type protein. The pcDNA3.1-Myc-His tagged mouse UHRF1 and deletion mutant constructs were kindly provided by Dr Ian Marc Bonapace. Myc-DDK-tagged human DNMT1 (RC226414) and UHRF1 (RC214251) plasmids were purchased from OriGene. Flag-Myc-tagged UHRF1 wild-type and various domain deletions, DNMT1 wild-type and different mutants were reconstructed in PiggyBac vectors with CAG promoter, which are optimal for expression in ES cells.
Crystallization, data collection and structure determination
Crystals of the DNMT1 RFTS domain in complex with ubiquitin were obtained at 298K with the vapor diffusion hanging drop method by mixing 1 l of the 1:2 molar ratio RFTS/ubiquitin complex solution with 1 l of crystallization solution (100 mM Tris-HCl at pH 8.0, containing 200 mM sodium acetate and 25% PEG4000). All diffraction data were measured at 100K at Shanghai Synchrotron Radiation Facility (SSRF) beamline BL17U. The native crystal diffracted to 2.02Å. All data were processed with HKL-2000 (28) . The crystals belong to space group P65 with unit cell dimensions of a = b = 131.76Å, c = 61.03Å, α = β = 90
• , γ = 120
• . The complex structure was solved by molecular replacement using previously determined DNMT1 structural model (PDB ID: 3AV4) and ubiquitin (PDB ID: 1UBQ) as templates. The molecular replacement solution was used subsequently for the structure refinement using Phenix and COOT (29, 30) . X-ray data collection and refinement statistics are listed in Table 1 .
NMR titration
All NMR spectra were acquired at 298K on a Bruker Avance 600 MHz NMR spectrometer with cryoprobe. NMR titration was performed by recording a series of 2D 15 N-HSQC spectra on uniformly 15 N-labeled ubiquitin domain (about 0.1 mM) in the presence of different amounts of DNA methyltransferase (DNMT) ranging from 0 to 0.15 mM. NMR data were processed by NMRPipe and subsequently analyzed by NMRView (31, 32) .
Isothermal titration calorimetry
Calorimetric experiments were conducted at 25
• C with a MicroCal ITC200 microcalorimeter from Microcal (GE Healthcare) following the standard procedure. Titrations were performed as follows: 50 M ubiquitin or UHRF1 UBL solution was transferred into the sample cell, one preliminary injection of 0.5 l of 0.5 mM RFTS sample was followed by about 36 injections of 1 l. A 2-min delay between the injections was applied to enable the system reach equilibrium. Data were analyzed using MicroCal Origin software. 
Synthesis of ubiquitinated histone analogs for in vitro DNA methylation assay
Synthesis of a dual mono-ubiquitin-linked histone H3K18CK23C (aa:1-30) was performed essentially similar as recently described (33) . The purified ubiquitin G76C mutant was treated with 5 mM dithiothreitol (DTT) first, and then buffer exchanged into 50 mM sodium phosphate pH 7.5. The reduced ubiquitin mutant was mixed with a 20-fold molar excess of 5,5 -dithiobis-(2-nitrobenzoic acid) (DTNB, Sigma) and then incubated for 1 h at room temperature with vigorous shaking. The reaction solution was buffer-exchanged into the ligation buffer (20 mM Tris-HCl, pH 7.0, 50 mM NaCl and 1 mM ethylenediaminetetraacetic acid (EDTA)) using a PD-10 desalting column (GE Healthcare). The purified H3K18CK23C was also treated with 5 mM DTT first, buffer-exchanged into the ligation buffer, and mixed with a 5-fold molar excess of activated ubiquitin G76C-DTNB for 1 h. The ubiquitinated histone analog was further separated with a Resource S column.
In vitro DNA methylation assay DNA methylation assays were performed with 50 nM DNMT1 (aa: 351-1616) or DNMT1 (aa: 621-1616) in the presence of 1 M 30 bp hemi-methylated dsDNA (upper strand: 5 -TTGCACTCTCCTCCXGGAAGTCCCA GCTTC-3 , X = m5C) and 1 M S-adenosyl-l-[methyl-3 H]methionine (AdoMet) (specific activity 15 Ci/mmol, PerkinElmer) in methylation buffer (20 mM HEPES, pH 7.5, 50 mM KCl, 5% glycerol, 1 mM DTT, 1 mM EDTA, 0.1 mg/ml bovine serum albumin). For comparing the effect of ubiquitin and UHRF1 UBL on DNMT1 enzymatic activity, DNMT1 proteins were pre-incubated with the indicated concentrations of ubiquitin or UHRF1 UBL on ice for 30 min. For comparing the effect of ubiquitin, histone H3 and ubiquitinated histone H3 on DNMT1 enzymatic activity, DNMT1 proteins were pre-incubated with the individual factor in methylation buffer without DTT. The reactions were carried out at 37
• C and quenched at various time points from the start point to 25 min by leaving the reaction system on ice and further processed by spotting them on DE-81 membranes (GE Healthcare). The membranes were washed sequentially with 10 ml cold 0.2 M NH 4 HCO 3 , 10 ml water and 5 ml ethanol. After air-drying of the membranes, the incorporation of 3 H-labeled methyl group was detected by liquid scintillation counting with a Beckman LS6500 counter.
Cell culture, generation of stable expressed ESCs and immunofluorescence analysis
Mouse WT ESCs, mUHRF1
−/− ESCs, mouse J1 WT ESCs and mDNMT1 −/− 36c/c ESCs were cultured on 0.1% gelatin (Sigma) in Dulbecco's modified Eagle's medium (high glucose, Gibco, 11 965), supplemented with 15% ES-fetal bovine serum (Gibco, 16141-079), 100 units/ml Leukemia Inhibitory Factor (Millipore, ESG1107), GlutaMAX Supplement (Life Technologies, 35 050), Sodium Pyruvate (Life Technologies, 11 360), and 2-Mercaptoethanol (Life Technologies, 31 350), maintained in a 37
• C incubator with 5% CO 2 and passaged every 2 days. Plasmids including Flag-Myc-tagged DNMT1 wild-type and different mutants, Flag-Myc-tagged UHRF1 wild-type and various domain truncation mutants were transfected to UHRF1 or DNMT1 knockout ES cells using Lipofec-tamine 3000 (Invitrogen, L3000015) according to the manufacturer's protocol. Afterward, cells were selected using Hygromycin. Single colonies were picked to have homogeneous gene expression.
For immunofluorescence, ESCs were fixed with 4% paraformaldehyde in phosphate-buffered saline (PBS) for 15 min at 25
• C before treated with 0.1% Triton-100 (Sigma) in PBS for 10 min at 25
• C. For staining of DNMT1 and UHRF1, cells were then blocked for 1 h with PBS containing 10% fetal bovine serum (FBS) at 25
• C before incubation with DNMT1 antibody (1:100), UHRF1 antibody (1:100) or Flag antibody (1:200, Sigma, F1804) in PBS containing 5% FBS at 4
• C overnight. For immunofluorescence analysis of 5mC content, after treatment of 0.1% Triton-100 in PBS, cells were treated with 2M HCl for 20 min at 37
• C to denature the DNA. After neutralization with 0.1M Borate, pH 8.5 for 5min at 25
• C twice, cells were blocked for 1 h with PBS containing 10% FBS at 25
• C. Labeling was performed with 5mC (1:1000) and Flag antibody (1:500, Sigma, F7425) in PBS containing 5% FBS at 4
• C overnight. After primary antibody treatment, cells were washed with 0.1% Triton-100 in PBS for three times before incubation with Alexa Fluor 568 goat anti-mouse IgG1 (1:500) and Alexa Fluor 488 donkey anti-rabbit IgG (H+L) (1:500) in PBS for 1 h at 25
• C protected from light. Cells were washed with 0.1% Triton-100 in PBS and mounted using SlowFade Antifade Mountant with DAPI. Images were acquired using Carl Zeiss LSM 710 and Carl Zeiss LSM 780 confocal microscopy at 40× magnification. Images were analyzed with ImageJ. 5mC fluorescence (red channel) was quantified and normalized to DNA fluorescence (blue channel) from at least 50 cells positively stained for UHRF1 or DNMT1.
Antibodies
The following antibodies were used in this study: anti-DNMT1 (Santa Cruz, H-300, sc-20701), anti-UHRF1 (Santa Cruz, H-8, sc-373750), anti-Flag (Sigma, F1804), anti-Flag (Sigma, F7425), anti-Myc (Sigma, C3956), anti5mC (Diagenode, 33D3, C15200081), anti-␤-actin (Thermofisher, MA5-15739), Alexa Fluor 568 goat anti-mouse IgG1 (Invitrogen, A21124), Alexa Fluor 488 donkey antirabbit IgG (H+L) (Invitrogen, A21206).
DNA methylation quantification
The ELISA-based 'Methylated DNA Quantification Kit (Colorimetric)' (Abcam, ab117128) was used to quantify global DNA methylation content in mouse ES cell lines. The assay was performed in triplicates according to the manual. The 100 ng of total genomic DNA was used for 5-methyl cytosine quantification, and relative DNA methylation was quantified using the positive control provided in the kit.
Bisulfide sequencing
Genomic DNA was extracted and purified with PureLink Genomic DNA mini kit (Invitrogen). For bisulfite conversion, 1 g genomic DNA was treated and recovered using EpiTect Bisulfite kit following manufacturer's manual. The IAP and LINE1 regions were amplified from bisulfite converted genomic DNA via polymerase chain reaction using following primer pairs.
IAP F: ATTTTGTTGATTAAATAAATTATTATTG GG IAP R: TAAAACATATCCTCTAATCATTTCTACT CA.
LINE1 F: TTATTTTGATAGTAGAGTT LINE1 R: CAAACCAAACTCCTAACAA. IAP and LINE1 amplicons were ligated into pGEM-T vector (Promega) for cloning. Eight colonies were sequenced for each assay and the sequencing data were analyzed by QUMA (http://quma.cdb.riken.jp/).
RESULTS
Ubiquitin and UHRF1 UBL domain directly interact with DNMT1
Recent studies have suggested DNMT1 binds to ubiquitinated H3 that helps the localization of DNMT1 to replication sites for efficient DNA methylation maintenance (22, 23) . Here we generated a number of human DNMT1 fragments and applied NMR titration to assess the interaction between DNMT1 and ubiquitin ( Figure 1A intensities are greatly attenuated. While under the same molar ratio, the line broadening effect caused by DNMT1 351 is much more significant when compared with the addition of DNMT1 621, indicating UHRF1 UBL domain interacts with multiple regions of DNMT1.
Crystal structure of DNMT1 RFTS domain in complex with ubiquitin
To further explore the detailed molecular mechanism of ubiquitin binding by DNMT1 RFTS domain, we determined the three-dimensional crystal structure of human DNMT1 RFTS domain in complex with ubiquitin at 2.0 A resolution in a P6 5 lattice containing one complex per asymmetric unit (Figure 2 and crystallographic statistics is given in Table 1 ). Ubiquitin and DNMT1 RFTS domain are present at 2:1 stoichiometry in an asymmetric unit, which is consistent with sodium dodecyl sulphate-polyacrylamide gel electrophoresis analysis of the protein crystal (Supplementary Figure S2A ). As shown in Figure 2A , RFTS domain mainly consists of a zinc-binding motif, an antiparallel seven-stranded ␤-barrel followed by an ␣-helical bundle. The long loop encompassing residues 386-404, which is invisible in previous reported structures due to the high flexibility (5,7), protrudes from the ␤-barrel and is sandwiched by two ubiquitin molecules (Supplementary Figure  S2B) . Two ubiquitin chains, though sharing almost identical conformations, bind RFTS in a very different fashion and bury the surface area of 1790Å 2 and 1520Å 2 respectively (Supplementary Figure S2C-E) . The contact surface for each ubiquitin is relatively large compared to other ubiquitin binding domains, agreeing well with relatively high affinity of RFTS binding to ubiquitin. Ubiquitin 1 sits on one end of the ␤-barrel whereas ubiquitin 2 lies outside of the ␤-barrel. We noted that ubiquitin 2 molecule has higher B factors and less well-defined electron density maps compared to that of ubiquitin molecule 1, indicating ubiquitin 2 has the higher flexibility.
An extensive network of hydrophobic interactions and hydrogen bonding contribute to the RFTS and ubiquitin complex formation. The complex structure has clearly displayed a new ubiquitin-binding mode. On the RFTSubiquitin 1 interface (Figure 2B ), Pro378, Leu381 and Thr382 of the RFTS ␣-helix encompassing residue 377-382, as well as side chains of Pro403 and Phe483 interact with the canonical hydrophobic Ile44 patch that is mainly comprised of residues Leu8, Ile44 and Val70. Additionally, residues Tyr399 inserts in a hydrophobic core formed by the side chains of Thr9, Ile36 and Leu71 of ubiquitin 1, whereas Leu402 makes hydrophobic contacts with Leu73. Ubiquitin 1 hydrophobic Ile44 patch and Ile36 patch (composed of Ile36, Leu71 and Leu73) are both involved in RFTS binding, which is rarely observed in the ubiquitin binding. Furthermore, the ␤1-␤2 loop of ubiquitin is deeply inserted into the long loop (Leu386-Gln404) and stabilizes this acidic loop through the hydrogen bonding and complementary electrostatic interactions ( Figure 2C ). For example, Glu384 side chain carboxyl group forms a salt bridge with lysine 6 side chain ε-amino group. The amides of Asn392 and Phe396 form hydrogen bonds with main chain carbonyl groups of Gly10 and Thr9 respectively. At the RFTSubiquitin 2 interface ( Figure 2D ), Ile388, Ile442, Tyr443, Leu476 and Ile487 of RFTS domain engage in hydrophobic interactions with Ile44 patch of ubiquitin 2. In addition, Ubiquitin 2 Lys48 side chain points to a concave cleft mainly formed by Glu384 and Asp390 ( Figure 2E ). Gln49 main chain amide group forms a hydrogen bond with backbone carbonyl group of Ile388, at the same time Gln49 side chain amide group donates a hydrogen bond to side chain carboxyl group of Glu397. Moreover, Ubiquitin 2 Arg42 side chain guanidinium group forms salt bridges with side chain carboxyl group of Glu397.
Structural comparison of human DNMT1 (aa: 351-1600; PDB ID: 4WXX) with our RFTS-ubiquitin complex revealed that two major segments of RFTS domain including seven-stranded ␤-barrel and the ␣-helical bundle in both structures are similar (36) . Structure superimposition of the ␤-barrel (aa: 400-490) of human DNMT1 RFTS domain (aa: 351-1600; PDB ID: 4WXX, color in gray) with that of RFTS-ubiquitin complex (color in green/marine/cyan) gives an RMSD of 0.55Å ( Figure 2F ), while superimposing the corresponding ␣-helical bundle of RFTS domain (aa: 493-589) of free and ubiquitin bound form gives an RMSD of 0.95Å (Supplementary Figure S3) . However, the long helix (aa: 493-518) that connects the ␤-barrel and the followed ␣-helical bundle has an unusual structural dynamic feature. It adopts as a straight ␣-helix conformation in DNMT1 free form structure (PDB ID: 4WXX) but bends about 32
• in the middle of ␣-helix at the position of Met502 in in our structure ( Figure 2F ), which cause the orientation of the ␤-barrel relative to the followed ␣-helical bundle significantly different in two structures. We reasoned that the ubiquitin binding contributes to the severe bending of the long helix (aa: 493-518) and the change in the relative orientation of two RFTS subdomains. Another obvious conformational difference is found at C-terminal region of RFTS in which the ␣-helical region (Leu592-Gln598) of RFTS-ubiquitin complex and human DNMT1 differed in the orientation. Interestingly, the corresponding region in human DNMT1 (PDB ID: 4WXX) exists as a random coil (36) . Structural comparison also highlighted that the loop Leu386-Gln404 are disordered and thus invisible in the apo state, but are stabilized upon ubiquitin binding and well defined in our complex structure.
To analyze the significance of specific interactions identified in the RFTS-ubiquitin complex, we made a number of amino-acid substitutions including E384A, E397A, Y399G, I442G and E384A/E397A mutations on RFTS and I44A, I36G and L8G/T9S mutations on ubiquitin. Single mutation of I44A or double mutation of L8G/T9S on ubiquitin abolishes the binding to RFTS domain ( Figure  3A ). This is not surprising since I44 hydrophobic patches of both ubiquitin molecules are involved in RFTS binding. But unexpectedly, a single mutation of ubiquitin Ile36 with glycine also blocks the binding of RFTS even though only ubiquitin 1 Ile36 hydrophobic patch participates in the interaction of RFTS. Consistently, we observed that a single mutation on RFTS Y399G disrupts the ubiquitin binding though residue Tyr399 has extensive interactions with the Ile36 patch of ubiquitin 1 but not ubiquitin 2 in our complex structure. On the other hand, mutation on RFTS I442G abolishes the ubiquitin binding though I442 only participate in the recognition of ubiquitin 2 but not ubiquitin 1 ( Figure 3B ), implying that the binding of two ubiquitin molecules to RFTS is interdependent. Mutating the charged residue Glu384 or Glu397 of RFTS domain to alanine reduced the ubiquitin binding about 2-fold, but the double mutant E384A/E397A seriously compromised ubiquitin binding. Overall, ITC measurement showed that mutations of critical residues in either ubiquitin or RFTS compromise RFTS-ubiquitin binding, thus confirmed our structural findings. It is worth noting that these RFTS mutations have little impact on the binding to UHRF1 UBL domain ( Figure 3C ), suggesting these RFTS residues directly involved in ubiquitin binding are not required for UHRF1 UBL binding. Altogether, our results demonstrate that ubiquitin binding is defined by key interactions with residues of RFTS within the loops Leu386-Gln404, Lys440-Val453, Thr467-Leu476 and Ser480-Glu485 and the helical region of Glu377-Glu384. A recently study has identified a ubiquitin-interacting motif in RFTS but most of residues defined this 'UIM motif' do not directly participate in ubiquitin recognition (23) .
Binding of UHRF1 UBL domain, or a two monoubiquitinated histone H3 but not ubiquitin or histone H3 can stimulate DNMT1 enzymatic activity
Several recent studies have revealed that RFTS domain of DNMT1 regulates its enzymatic activity through an autoinhibition mechanism (5, 7, 37) , as explained by the structural analyses showing the RFTS domain of DNMT1 occupies its own catalytic pocket and prevents substrate DNA binding. Interestingly, a previous study demonstrated that SRA domain of UHRF1 interacts with DNMT1 RFTS domain and relieves its inhibitory effect to a certain degree (35) . Since we found that ubiquitin and UBL domain of UHRF1 can interact with RFTS domain, we attempted to test whether these interactions could have an impact on DNMT1 enzymatic activity. We conducted in vitro DNA Figure 3D and E, pre-incubation of either DNMT1 351 or DNMT1 621 with UHRF1 UBL domain resulted in a 2-fold increase of DNMT1 activity. In contrast, no stimulation was observed when either DNMT1 351 or DNMT1 621 was pre-incubated with ubiquitin. Interestingly, about 3-fold increase of methylation activity was observed when pre-incubating DNMT1 351 with a two monoubiquitin-linked histone H3K18CK23C peptide ( Figure  3F ), this is in line with a recent report suggesting ubiquitinated histone H3 but not ubiquitin or histone H3 alone could stimulate DNMT1 enzymatic activity (33) . However, this dual mono-ubiquitin-linked histone H3 peptide does not exert obvious stimulatory effect on DNMT1 621, as shown in Figure 3G . Taken together, the results from in vitro DNA methylation assay indicate that binding of the two mono-ubiquitinated histone H3 but not ubiquitin or histone H3 alone to DNMT1 RFTS could alleviate its selfinhibitory effect. On the other hand, though UHRF1 UBL can interact with both RFTS and DNMT 621, the binding of UBL domain of UHRF1 to DNMT1 621 fragment is essential for its stimulatory effect on DNMT1 enzymatic activity.
Expression of DNMT1 mutants with impaired binding to ubiquitin is unable to restore global DNA methylation in DNMT1 −/− ES cells
Considering that DNMT1 RFTS domain physically interacts with ubiquitin, and binding to ubiquitinated histone H3 stimulates DNMT1 enzymatic activity in vitro, we further assessed the impact of the interaction between DNMT1 and ubiquitinated histone H3 on global DNA methylation patterns in mouse ES cells. We first established DNMT1 knockout mouse ES cell lines stably expressing DNMT1 wild-type, E384A, E397A or Y399A single point mutant, or E384A/E397A double mutant. The DNMT1 −/− ES cells that stably expressed exogenous DNMT1 or mutants at a level similar to endogenous DNMT1 in J1 ES cells are further selected for the subsequent immunofluorescence analysis ( Figure 4A ). As shown in Figure 4B , DNMT1 wild-type, E384A or E397A single point mutant is co-localized with UHRF1 with clearly visible nuclear foci in DNMT1 −/− ES cells, whereas DNMT1 Y399G single mutant or E384A/E397A double point mutant did not form clear nuclear foci and exhibited much dimmer signal dispersed throughout the nucleus. We also assessed global DNA methylation by immunostaining using anti-5-methylcytosine antibodies ( Figure 4C) . Global DNA methylation level in DNMT1 −/− ES cells is substantially lower than that of the wild-type cells. Stable expression of fl-DNMT1 in DNMT1 −/− ES cells restored the DNA methylation level comparable to that of wild-type ES cells, whereas expression of DNMT1 E384A or E397A single point mutant restored DNA methylation level to ∼75% of that of wild-type ES cells. In contrast, stable expression of DNMT1 Y399G single mutant or E384A/E397A double point mutant only recovered the 5-methyl cytosine level to about 40-45% of that of wild-type cells. The observation is consistent with the results from ELISAbased methylated DNA quantification assay (Supplementary Figure S4A ), that DNMT1 −/− ES cells stably expressing DNMT1 Y399G single mutant or E384A/E397A double point mutant have a significant decrease of global DNA cytosine methylation compared to wild-type mouse ES cells or DNMT1
−/-ES cells stably expressing fl-DNMT1. We also examined the effect of mutations on DNA methylation status of the regulatory regions in retrotransposons using bisulfite sequencing analysis. A dramatic decrease of DNA methylation in regulatory region of LINE-1 (long interspersed nuclear element-1) and IAP (intracisternal A particle) retrotransposons in DNMT1 knockout ES cells was observed ( Figure 4D ). Stable expression of fl-DNMT1 effectively restored the DNA methylation level, but expression of DNMT1 Y399G or E384A/E397A mutant only partially rescued the DNA methylation defect observed in DNMT1 −/− ES cells. Our results indicated that disruption of the interaction between DNMT1 and ubiquitinated histone H3 could affect the nuclear localization of DNMT1 and the maintenance of DNA methylation.
UBL and RING domains of UHRF1 are required for proper DNMT1 nuclear localization and the maintenance of DNA methylation
Given that UHRF1 UBL domain is directly involved in UHRF1-DNMT1 interaction, we therefore performed immunofluorescence assay to analyze whether UBL domain is required for proper nuclear localization of DNMT1. We obtained stable UHRF1
−/− ES cell lines expressing either UHRF1 wild-type, UBL-deleted or RING-deleted UHRF1 at a level comparable to that of endogenous UHRF1 in mouse ES cells ( Figure 5A ). Similar to previous observation (12, 13, 21) , DNMT1 has a diffuse nuclear localization pattern in UHRF1 −/− ES cells ( Figure 5B ). Expression of full length UHRF1 restored DNMT1 nuclear foci, two proteins are mainly co-localized at heterochromatin region. In contrast, introducing either UBL-deleted or RING-deleted form of UHRF1 into UHRF1 −/− ES cells failed to restore DNMT1 localization at heterochromatin regions, DNMT1 exhibited a diffuse nuclear localization pattern although both UHRF1 domain-deleted mutants show clear heterochromatin localization patterns. Taken together, these results highlighted not only the interaction between DNMT1 and UHRF1, but also the interaction between DNMT1 and ubiquitinated histone H3 established by UHRF1 are critical for proper DNMT1 nuclear localization. It is worth noting that RFTS-mediated ubiquitinated histone H3 recognition and UHRF1 binding actually provides a mechanistic explanation for the previous observation showing DNMT1 RFTS domain is critical for the association of DNMT1 with late replication heterochromatin region (38) .
The above observation also prompted us to investigate UHRF1 UBL or RING deleted mutants in DNA methylation by assessing their ability to rescue DNA methylation defects in UHRF1 −/− ES cells. As expected, immunofluorescence staining for 5-methyl cytosine revealed that global DNA methylation in UHRF1 −/− ES cells is greatly reduced compared with that in wild-type cells ( Figure 5C ). Expres- sion of Flag-Myc-tagged UHRF1 in UHRF1 −/− ES cells restored the level of DNA methylation to ∼80% of that measured in the wild-type ES cells, whereas expression of either UBL or RING deleted UHRF1 mutants only recovered a small portion of DNA methylation but the level is still far lower than that measured in wild-type UHRF1 ES cells ( Figure 5C ). This observation is in line with ELISA-based relative quantification of global DNA cytosine methylation shown in Supplementary Figure S4B and recent reports (22, 39) . In addition, bisulfite sequencing analysis also revealed that fl-UHRF1, but not UHRF1 UBL or RING deleted UHRF1 mutant, could restore DNA methylation pattern in the regulatory regions of IAP and LINE1 retrotransposons ( Figure 5D ). These results strongly indicate that interactions of DNMT1 with both UHRF1 and ubiquitinated histone H3 are crucial for maintaining DNA methylation in ES cells.
DISCUSSION
Ubiquitination, the covalent attachment of mono-ubiquitin or linkage-specific poly-ubiquitin to the target proteins, modulates a wide range of important cellular processes by regulating protein activity and interactions (40) . Ubiquitinated proteins are recognized by distinct ubiquitin-binding domains found in a variety of proteins (41) . Mono-or polyubiquitin chains serve as the versatile cellular signaling messengers to be interpreted by these ubiquitin-binding proteins and thus regulate the downstream signaling. A number of studies have shown histones can be subject to ubiquitination and involve in transcriptional regulation, DNA damage response and cell cycle regulation (42, 43) . For example, histone H2B ubiquitination plays a role in transcriptional regulation and DNA replication (44) (45) (46) , H2A ubiquitination is required for damaged DNA repair (47) (48) (49) . UHRF1 has recently been reported to be an E3 ubiquitin ligase that targets multiple lysines on histone H3 including Lys23, Lys18 and Lys14 (22) (23) (24) , ubiquitinated histone H3 can be further recognized by RFTS domain of DNMT1, thus facilitates localization of DNMT1 to replication foci and promotes the faithful maintenance of DNA replication. In current study, we provide a detailed molecular basis of DNMT1 mediated ubiquitinated histone binding at replication foci by solving the high-resolution crystal structure of DNMT1 RFTS domain in complex with ubiquitin. Interestingly, one RFTS domain can bind two ubiquitin molecules simultaneously. Ile44-centered and Ile36-centered hydrophobic patches of ubiquitin 1, as well as Ile44-centered hydrophobic patch of ubiquitin 2 are involved in the RFTS interactions whereas electrostatic interactions, hydrogen bonding and salt bridges also contribute complementary to the complex formation. This mode of ubiquitin binding is quite different from most of other ubiquitin recognition patterns (40) . Ishiyama et al have just reported the structure of RFTS in complex with histone H3 linked two mono-ubiquitin molecules and observed very similar interaction network between RFTS and two ubiquitin molecules (33) . Intriguingly, though the conjugated histone H3 peptide contributes to RFTS binding, it has no visible impact on the interaction network between RFTS and ubiquitin.
Notably, we also found that DNMT1 RFTS domain can interact with UHRF1 N-terminal UBL domain thus mediates the interaction between UHRF1 and DNMT1. Unlike ubiquitin, UHRF1 UBL domain binds to both DNMT1 RFTS domain and DNMT1 621 (aa: 621-1616). The results from in vitro DNA methylation assay suggest that the binding of ubiquitinated histone H3 to RFTS domain of DNMT1 alleviates DNMT1 auto-inhibitory effect. Strikingly, binding of ubiquitin or histone H3 alone failed to show the stimulatory effect on DNMT1 enzymatic activity. On the other hand, the N-terminal UBL domain of UHRF1, which structurally resembles ubiquitin, not only binds to DNMT1 but also stimulates its methyltransferase activity. Considering ubiquitinated histone H3 is enriched at replication foci, we postulate that ubiquitinated histone H3 binding to DNMT1 not only helps accumulate DNMT1 at replication foci, but also alleviates DNMT1 auto-inhibitory effect. Similarly, the binding of UHRF1 UBL to DNMT1 621 as well as RFTS domain not only helps target DNMT1 to the hemimethylated CpG substrate sites, but also enhances DNMT1 enzymatic activity. Intriguingly, our data suggest the stimulatory mechanisms by UHRF1 UBL and ubiquitinated histone H3 are different. UHRF1 UBL domain stimulates DNMT1 enzymatic activity mainly through the interaction with the DNMT 621 fragment, whereas ubiquitinated histone H3 binding to DNMT1 RFTS domain may facilitate RFTS domain to dissociate from catalytic domain which in turn promotes the access of substrate DNA. UBL domains have been found in many proteins, they typically share very similar three-dimensional structure but not necessary sequence similarity to ubiquitin. The sequence variation of UBL domains provides the opportunity to expand the selectivity of ubiquitin binding domain interactions considering ubiquitin is evolutionarily highly conserved in primary sequence across the eukaryotic species (50) . Indeed, a number of ubiquitin binding domains have been found to bind to UBL domain too, but with different binding affinities in many occasions (51, 52) . Mutations on RFTS I442G or E384A/E397A abolished ubiquitin interaction but had no effect on UHRF1 UBL binding, indicating the interaction network of RFTS-ubiquitin complex is distinct from that of RFTS-UBL. Nonetheless, future structural analysis is required to unravel the detailed molecular basis of UHRF1 UBL binding to RFTS domain. Moreover, the quantitative ITC measurement indicate that ubiquitin binds more strongly to RFTS domain compared to UHRF1 UBL domain, whereas UBL domain, but not ubiquitin, has the capability to bind to DNMT1 621 (aa: 621-1616).
Previous studies have demonstrated that UHRF1 binds to hemimethylated DNA and methylated histone H3K9, which are critical for targeting DNMT1 to proper genomic foci for the faithful epigenetic inheritance of DNA methylation. In this study, we performed structure guided genetic complementation experiments to show the binding of DNMT1 to ubiquitinated histone H3, as well as the interaction between DNMT1 and UHRF1 UBL domain plays equally important role in efficient DNA methylation maintenance. It is conceivable that all modular domains of UHRF1 participate and act in concert with DNMT1 to maintain DNA methylation pattern during DNA replication.
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